| INTRODUCTION
Mineral trioxide aggregate (MTA), a calcium silicate-based cement, is a biomaterial used in almost all endodontic therapies, including root perforation repair, apexification, apexogenesis, pulpotomy and rootend filling. 1 MTA has been used extensively in regenerative endodontic procedures because of its low cytotoxicity and ability to promote proliferation and differentiation of stem/progenitor cells, resulting in cementogenesis, dentinogenesis and osteogenesis. [2] [3] [4] [5] [6] [7] [8] [9] Studies using MTA for repair of perforated roots have reported continuous hardtissue formation, formation of root cementum without an inflammatory reaction and regeneration of periodontal ligament attached to cementum. [10] [11] [12] It has been shown that re-establishment of the periodontal tissue is dependent on regeneration of cementum. 13 While other materials used to repair root perforations have been shown to result in the formation of a nonmineralized fibrous connective tissue capsule, MTA promoted regeneration of mineralized cementum and facilitated regeneration of the periodontal tissue. 13 Dental tissues are a rich source of mesenchymal stem cells (MSCs) that participate in healing and regeneration following injury or infection. [14] [15] [16] Previous in vivo lineage tracing studies in our laboratory
showed that alpha-smooth muscle actin (αSMA)-expressing cells reside in perivascular areas within a number of tissues, including periodontal ligament (PDL), dental pulp, bone marrow and periosteum,
and represent a population of mesenchymal progenitor cells. [16] [17] [18] [19] [20] Following periodontal injury, αSMA + cells expand and differentiate into osteoblasts in the alveolar bone, fibroblasts in the PDL and cementoblasts. 20 Previous studies also demonstrated that αSMA + cells in the dental pulp are capable of giving rise to a second generation of odontoblasts during reparative dentinogenesis. 19 One of the main challenges of tissue regeneration is the reestablishment of tissues damaged by disease or trauma. Optimal regeneration or repair involves recruitment or activation of MSCs and their proliferation and differentiation. Despite numerous studies on the effect of MTA on stem/progenitor cells in various dental tissues, the underlying mechanisms of the effects of MTA on regeneration of periodontal tissues and surrounding alveolar bone and its effects on differentiation of stem/progenitor cells are not fully understood.
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The present study was designed to gain insight into the effects of MTA on differentiation of periodontal progenitor cells. αSMACreERT2;Ai9/ Col2.3GFP transgenic mice, in which αSMA serves as a marker of progenitor cells in PDL, were utilized in this study. 17 The effects of MTA were examined in vivo during repair of the periodontium and surrounding alveolar bone using cell lineage-tracing experiments following an experimental injury to the root furcation of mouse molars, and in in vitro studies.
| MATERIAL AND METHODS

| Transgenic mice
The αSMACreERT2;Ai9/Col2.3GFP triple transgenic mice have been described previously. 17 In αSMACreERT2 mice, expression of Cre recombinase is controlled by the αSMA promoter. 
| Tooth injury in vivo
Tooth injury was performed in 4-to 6-week-old αSMACreERT2;Ai9/ Col2.3GFP mice. In order to label αSMA-expressing progenitors, mice were injected with tamoxifen (75 μg/g body weight), twice, at 24-hour intervals. Two days later, the mice were anesthetized with an intraperitoneal injection of ketamine (87 mg/kg) and xylazine (13 mg/kg) and experimental pulp perforations on maxillary first molars were performed using a stereo microscope (Nikon SZM800; Nikon, Melville, NY, USA), as previously described. 22 Briefly, a class I cavity was prepared with a carbide round burr (diameter 0.40 mm) on the occlusal surface of the first maxillary molars. Pulp chambers were opened, and coronal pulp tissues were removed with a pulp extractor (VDW ® STERILE Barbed Broaches; VDW GmbH, Munich, Germany) up to the root canal orifices. A perforation was created in the center of the floor of the pulp chamber using an endodontic hand file, #15 (Dentsply, Tulsa, OK, USA) (Fig. S1 ).
The perforation area was filled with one-step self-etching 
| Cell isolation and culture
Primary bone marrow stromal cells (BMSC) were prepared from the hind limbs of 4-to 6-week-old αSMACreERT2;Ai9/Col2.3GFP mice, as previously described 23, 24 . The cells were plated in 12-well culture plates at a density of 10 6 cells/cm 2 for 7 days in basal medium containing α-modified essential medium (α-MEM), 10% fetal bovine serum (FBS; Life Technologies, Carlsbad, CA, USA) and 100 U/mL of penicillin/100 mg/mL of streptomycin (1% PS). Cre recombinase activity was induced by addition of 1 μmol/L of 4-OH-Tamoxifen at days 2 and 4 of culture.
Beginning on day 7, cells were grown in four different culture conditions: control basal medium, two dilutions of MTA-conditioned medium (MTA-CM) in basal medium and osteogenic media (OM) (α-MEM + 10% FBS + 50 μg/mL ascorbic acid + 8 mmol/L β-glycerophosphate).
Medium was changed every 2 days.
PDL cells (PDLC) were isolated from 4-to 6-week-old αSMAC-reERT2;Ai9/Col2.3GFP mice, as previously described. 16 Briefly, the mandibles and maxillae were dissected from the surrounding tissues, 
| MTA-Conditioned Medium
White ProRoot MTA was mixed with sterile water according to the manufacturer's instructions. MTA discs were prepared under aseptic conditions, as described previously with minor modifications. 25, 26 Briefly, the discs were created using a sterile cylindrical polyethylene tube (diameter: 5 mm; height: 3 mm). The MTA discs were kept in a 5% CO 2 incubator at 37°C for 6 hours to set, then sterilized by ultraviolet light for 1 hour. The discs were incubated for 3 days in α-MEM + 10% FBS at 37°C in a humidified atmosphere containing 5% CO 2
(1 mL of α-MEM + 10% FBS for each disc). The supernatants, referred to as MTA-CM, were collected and passed through a sterile 0.22-μm pore-size-diameter filter. Two different dilutions of MTA-CM were used: 1:50 and 1:5.
| Cell viability assay
Cell viability was determined using a PrestoBlue assay (Thermo Fisher Scientific, Waltham, MA, USA). At various time points the PrestoBlue reagent was added to the cell medium, incubated for 2 hours and the fluorescence intensity was measured (560 nm excitation/590 nm emission).
| Histochemical analysis of cell cultures
Staining for alkaline phosphatase (ALP) was performed on cultures fixed in 10% formalin for 5 minutes; an 86-R Alkaline Phosphatase kit (Sigma Aldrich) was used, according to the manufacturer's instructions. The number of ALP-positive colonies per well was counted.
Mineralization was assessed after 21 days of culture using von Kossa staining, as described previously. 27 Plates were imaged on a flatbed scanner and the mineralized area was quantified using ImageJ (NIH, Bethesda, MD, USA).
| Detection of epifluorescence
Expression of GFP and tdTomato was imaged on an inverted Observer Z1 microscope (Carl Zeiss). The region scanned covered approximately half the well area. The proportion of fluorescent area for each channel was quantified using ImageJ.
| RNA extraction and gene expression
RNA was extracted using Trizol reagent (Life Technologies). 24 Reverse transcription was performed using the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The expression of osteogenic genes osteocalcin (Oc) (Mm03413826_mH) and bone sialoprotein (Bsp) (Mm00492555_m1) was assessed by RT-qPCR using Taqman primerprobe sets (Life Technologies). 18 Gene expression was normalized to expression of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (Gapdh).
| Statistics
Data were subjected to statistical analysis using GraphPad Prism (version 5.0) software (GraphPad Software Inc., La Jolla, CA, USA). For all parametric data, ANOVA followed by Tukey′s test was used. A value of P <.05 was considered significant.
| RESULTS
| Effects of MTA on periodontal tissue regeneration
In order to examine the effects of MTA on regeneration of periodontal tissue following injury, and its effects on αSMA-expressing progenitor cells, we used a previously established lineage tracing model:
αSMACreERT2;Ai9/Col2.3GFP. 17, 19, 20 This enables permanent labeling and tracing of αSMA + cells (referred to as SMA9 + ). To identify mature cells, we bred in the Col2.3GFP reporter that is expressed in mature osteoblasts, cementoblasts and PDL fibroblasts. 20 An AS without MTA was used as a control for the effects of MTA on healing. In these experiments perforation of the pulp floor in the furcation area in the first maxillary molars was performed on 4-to 6-week-old tamoxifen-injected αSMACreERT2;Ai9/Col2.3GFP mice.
In uninjured tissue, expression of Col2.3GFP (referred to as 2.3GFP) was detected in osteoblasts, osteocytes within the alveolar bone, cementoblasts on the root surface, odontoblasts lining the pulp chamber and roots and in PDL fibroblasts surrounding the roots in the remaining areas of the teeth, consistent with previous studies ( Figure 1A -E).
In uninjured teeth, a small number of SMA9 + cells were present in the PDL, but rarely coexpressed 2.3GFP, suggesting that they are not mature cell types ( Figure 1A -E). Histology on day 2 following injury was used to evaluate the extent of PDL and alveolar bone injury. Later time points (days 17 and 30) were used to evaluate the repair process.
Histological analysis of the injured area showed that perforation at the pulpal floor resulted in local destruction of dentin, odontoblasts, PDL in the furcation area and the underlying alveolar bone, as evident by the lack of 2.3GFP expression in these locations. Examination of the area underneath the injury showed the presence of a few SMA9 Note the destruction of dentin in the pulpal floor, PDL and ab at the site of injury. Also note residual dentin chips (*). Scale bars=100 μm
transgenes were detected at day 17 but not at day 30 after injury ( Figure 2B ). 
| Effect of MTA-CM on PDLC in vitro
To gain a better understanding of the underlying process mediated by MTA, we examined the effects of media conditioned with MTA (MTA-CM) on cell viability and the differentiation of PDL progenitors. In these experiments the effects of two different concentrations of MTA-CM were compared with OM and control basal medium. PrestoBlue assay showed that, compared with control medium, OM increased the viability of the PDLC at day 7. However, at both concentrations, MTA had negative effects on cell viability at day 7, although this effect was greater at the lower concentration ( Figure 4A ).
We also examined the effect of MTA-CM on osteogenic differentiation. In PDLC, OM did not affect the ALP staining ( Figure 4B ) but Bsp compared with control medium ( Figure 4C ). These observations show that MTA-CM had negative effects on both the viability and differentiation of PDL fibroblasts.
| Effect of MTA-CM on BMSC in vitro
As we observed significant effects of MTA on the alveolar bone underneath the site of injury as well as in the apical region, we also 
| DISCUSSION
Despite the progress made in understanding the biological effects of MTA, the mechanism of its effects on wound healing and the nature of hard-tissue formation remain unclear. Therefore, our study focused properties. 28, 29 On the other hand, it is well documented that MTA is a commonly used restorative material because of its biological and sealing properties that reduce bacterial invasion.
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A fate mapping approach allowed us to identify a population of mesenchymal progenitor cells expressing αSMA and track contribution of their progeny to repair. Previous studies showed that SMA9 + cells contribute to healing and production of mineralized and nonmineralized connective tissues during fracture healing, tendon injury and pulp exposure in molars. [17] [18] [19] [20] 31 In the PDL, SMA9 + cells differentiated into mature cell types, including PDL fibroblasts, osteoblasts and cementoblasts, during postnatal growth and in repair after PDL injury. 20 In the current study, we performed a more extensive injury that included damage to the tooth and pulp removal as well as injury to the PDL. Our lineage tracing study showed significant expansion of SMA9 + cells, Culturing cells directly on MTA has been reported in fewer studies, but human dental pulp cells showed improved viability when cultured on MTA than did controls. 36 Cells cultured in a three-dimensional scaffold in a well containing MTA showed reduced viability but improved differentiation. 37 The effects of MTA on differentiation also vary depending on the concentration used; however, dilute MTA-CM has been reported to promote differentiation/mineralization in OCCM-30 cementoblast cells, human dental pulp cells and rat craniofacial BMSC. 4, 25, 32, 33 Mediators of MTA-CM effects may include calcium, aluminum, bismuth and silicon ions that are released into the medium, 32, 36, 38, 39 and enhanced Wnt, JNK and ERK signaling have been implicated in the osteogenic effects of MTA. 4, 32 In the current study, we observed clear inhibition of osteogenic differentiation in both cell types evaluated.
Addition of the osteogenic factors ascorbic acid and β-glycerol phosphate may have improved differentiation in the presence of MTA;
however, given the reduction in number of ALP + colonies, which can form even in the absence of osteogenic stimuli, it is likely that the effects of the MTA-CM would not be overcome by these compounds.
Many of the published studies were performed in human cells, and it is also possible that mouse cells are more sensitive to components of MTA-CM. Overall it appears that the in vitro conditions employed in this study did not effectively represent the in vivo response of osteoprogenitors to MTA.
Although in vitro studies are useful for defining mechanisms, it is not possible to assess the complex interactions between materials and host using such a simplified system. Therefore, we primarily evaluated the in vivo effects of the MTA on the progenitor lineages. Collectively, our findings showed that SMA9 + progenitor cells contributed to bone, cementum and PDL formation following injury, an effect that was promoted by the application of MTA as part of the repair.
